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Abstract 

Background: Genetic modifications can improve the therapeutic efficacy of mesenchymal stem cell (MSC) transplantation in 
myocardial infarction. However, so far, the efficiency of MSC modification is very low. Seeking for a more efficient way of 
MSC modification, we investigated the possibility of employing the intercellular trafficking capacity of the herpes simplex 
virus type-1 tegument protein VP22 on the enhancement of MSC modification. 

Methods: Plasmids pVP22-myc, pVP22-EGFP, pEGFP-VP22, pVP22-hBcl-xL and phBcl-xL-VP22 were constructed for the 
expressions of the myc-tagged VP22 and the fusion proteins VP22-EGFP, EGFP-VP22, VP22-hBcl-xL and hBcl-xL-VP22. MSCs 
were isolated from rat bone marrow and the surface markers were identified by Flowcytometry. COS-1 cells were 
transfected with the above plasmids and co-cultured with untransfected MSCs, the intercellular transportations of the 
constructed proteins were studied by immunofluorescence. The solubility of VP22-hBcl-xL and hBcl-xL-VP22 was analyzed 
by Western blot. 

Results: VP22-myc could be expressed in and spread between COS-1 cells, which indicates the validity of our VP22 
expression construct. Flowcytometry analysis revealed that the isolated MSCs were CD29, CD44, and CD90 positive and 
were negative for the hematopoietic markers, CD34 and CD45. The co-culturing and immunofluorescence assay showed 
that VP22-myc, VP22-EGFP and EGFP-VP22 could traffic between COS-1 cells and MSCs, while the evidence of intercellular 
transportation of VP22-hBcl-xL and hBcl-xL-VP22 was not detected. Western blot analysis showed that VP22-hBcl-xL and 
hBcl-xL-VP22 were both insoluble in the cell lysate suggesting interactions of the fusion proteins with other cellular 
components. 

Conclusions: The intercellular trafficking of VP22-myc, VP22-EGFP and EGFP-VP22 between COS-1 cells and MSCs presents 
an intriguing prospect in the therapeutic application of VP22 as a delivery vehicle which enhances genetic modifications of 
MSCs. However, VP22-hBcl-xL and hBcl-xL-VP22 failed to spread between cells, which are due to the insolubility of the 
fusion protein incurred by interactions with other cellular components. 
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Introduction 

Cell transplantation has emerged as a promising therapeutic 
approach for the restoration of heart function after myocardial 
infarction. Various cell types, including embryonic stem cells [1], 
cardiac stem cells [2], skeletal myoblasts [3-5], smooth muscle 
cells [6,7], bone marrow cells [8] and hematopoietic stem cells [9] 
etc. have been studied in cell transplantation and were demon- 
strated to be useful in the replacement of the injured myocardium 
and in the improvement of angiogenesis and heart functions. 

Bone marrow mesenchymal stem cells (MSCs) are self- 
renewing, multipotent precursors of non-hematopoietic stromal 
tissues [10-12]. Under appropriate conditions, MSCs can be 
induced to differentiate into multiple cell lines, which includes 
osteoblasts, chondrocytes, adipocytes [10,13], skeletal muscle cells 
[14], cardiomyocytes [15,16] and neural cells [17]. MSCs were 



demonstrated to be able to promote angiogenesis and the survival 
of ischemic cardiomyocytes through the paracrine production of 
various angiogenic and growth factors [18,19]. Furthermore, it 
was shown that MSCs are immunosuppressive favoring the 
inhibition of inflammatory responses and the future fibrosis of 
the injured heart tissue [20,21]. MSCs can be easily isolated from 
the bone marrow or adipose tissue and expanded in vitro based on 
their ability to adhere to culture dishes. Therefore, MSCs appear 
to be an appealing cell source for transplantation therapy in 
myocardial infarction [22,23]. 

However, within the first few days after transplantation, the low 
survival rate of MSCs incurred from the deleterious microenvi- 
ronment of ischemia, inflammatory response and proapoptotic 
factors severely holds back the therapeutic effects on the 
cardiomyocytes restoration [16,24]. Thus, it is necessary to 
reinforce MSCs to improve the efficacy of cell therapy. Evidences 
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have demonstrated that genetic modification of MSCs with 
survival [25-27] or anti-apoptotic [28] genes can improve the 
viability of the transplanted MSCs and results in a better homing 
of MSCs into the ischemic microenvironment thus enhancing the 
cardiac functional recovery after acute myocardial infarction. 

So far, viral and non-viral methods were both used for MSC 
genetic modification. Viral vectors had been proved to be efficient 
in MSC genetic manipulation, however, the complicated produc- 
tion procedure, the risks of host immunogenicity and tumorige- 
nicity impedes the wide use of viral vectors [29-33] . Non-viral 
vectors, such as plasmids, present certain advantages over viral 
vectors with simpler large scale production, less likely to induce 
immune responses and less toxic [33]. However, the gene transfer 
efficiencies of plasmids are usually too low to meet the therapeutic 
purposes. Efforts had been made to increase the efficiency of non- 
viral gene delivery [34—37]. In this study, we focused on another 
way to enhance the plasmid-mediated MSC modification. In 
short, if the gene product of MSC modification could traffic 
between cells on its own, then the bio-effects of the modified genes 
could be spread among MSCs and/ or among MSCs and 
cardiomyocytes after transplantation, which could substantially 
enhance the efficiency of MSC modification. And obviously, it 
would be no necessary to obtain a high efficiency for plasmid 
transfection. Therefore, it is intriguing to promote the extracellular 
propagation of modified gene products in MSCs after transplan- 
tation for a better therapeutic outcome. 

The UL49 gene of herpes simplex virus type-1 (HSV-1) encodes 
a 301 amino acids tegument protein VP22. It was demonstrated 
that VP22 has a remarkable ability of intercellular trafficking via a 
Golgi independent pathway [38]. The typical spread pattern of 
VP22 is from the cytoplasm of an expressing cell into the 
neighboring cells and accumulation in the nucleus. This significant 
discovery has inspired a series of efforts to apply VP22 as a 
therapeutic intercellular delivery vehicle by fusing different 
exogenous genes to it. So far, VP22 has been successfully 
expressed and trafficked in more than 10 cell lines and several 
VP22 fusion proteins have been successfully delivered between 
cells without disturbing the functions of the fused genes [39-43]. 
The VP22 mediated gene delivery precludes the need of using 
viral vectors for a high modification efficacy. Therefore, VP22 
could be a powerful tool for the enhancement of MSCs 
modification. 

Bcl-xL and Bcl-2 are both members of the Bcl-2 protein family. 
They are important regulators of cell apoptotic pathway [44] . It 
was demonstrated that the adenoviral mediated expression of 
human Bcl-xL (hBcl-xL) gene in rat heart can inhibit the apoptosis 
of ischemic cardiomyocytes after myocardial infarction and can 
prolong the cold preservation time period for cardiac transplants 
[45,46]. And also, It was reported that the over expressed Bcl-2 
gene can protect MSCs against apoptosis under hypoxic condi- 
tions both in vitro and in vivo and the transplantation of the Bcl-2 
gene engineered MSCs may improve heart functional recovery 
after acute myocardial infarction [28]. Therefore, it is plausible to 
speculate that the over expression of Bcl-xL gene in MSCs might 
also improve the viability of the transplanted MSCs and help to 
restore heart function after myocardial infarction. Furthermore, it 
is not known whether the fusion protein of VP22 and hBcl-xL 
could traffic among MSCs or between MSCs and cardiomyocytes. 
If this is the case, the expression of the fusion protein of VP22 and 
hBcl-xL in MSCs might protect both the transplanted MSCs and 
the ischemic cardiomyocytes against apoptosis during the early 
stage of the post-transplant period and hence obtain a better 
curative effect on myocardial infarction. 



In this study, we constructed plasmids for the expressions of the 
VP22-myc and the fusion proteins VP22-EGFP, EGFP-VP22, 
VP22-hBcl-xL and hBcl-xL-VP22. To investigate the intercellular 
propagation of VP22 and the fusion proteins, COS-1 cells were 
transfected with the above plasmids and co-cultured with rat bone 
marrow MSCs. Twenty four hours after co-culturing, we found 
that VP22-myc, VP22-EGFP and EGFP-VP22 could spread 
between COS-1 cells and MSCs. However, we did not observe 
any intercellular trafficking of VP22-Bcl-xL and hBcl-xL-VP22. 
We further checked the solubility of VP22-Bcl-xL and hBcl-xL- 
VP22 expressed by COS-1 cells and found that the fusion proteins 
were in the insoluble part of the whole cell lysate. This insoluble 
character could explain the lack of intercellular delivery of VP22- 
Bcl-xL and hBcl-xL-VP22. Nonetheless, the observed intercellular 
trafficking of VP22-myc, VP22-EGFP and EGFP-VP22 between 
COS-1 cells and MSCs could lead to an intriguing therapeutic 
application of VP22 as an intercellular delivery vehicle for the 
enhancement of MSC modification and thereby to obtain a better 
therapeutic effect on myocardial infarction. 

Materials and Methods 

All animals were treated according to the Guide for the Care 
and Use of Laboratory Animals published by the US National 
Institutes of Health (NIH Publication No. 85-23, revised 1996) 
and all animal protocols were approved by the Animal Care and 
Use Committee of the Shenyang Northern Hospital, Shenyang 
City, China. 

Cells 

COS-1 and HeLa cells were all purchased from American Type 
Culture Collection (ATCC, Rockefeller, MD, USA) and main- 
tained in Dulbecco's modified Eagle's medium (DMEM; Gibco, 
Grand Isle, NY, USA) containing 10% fetal bovine serum (Gibco, 
Mulgrave, Victoria, Australia). MSCs were isolated and cultured 
from bone marrow of Sprague-Dawley rats. Briefly, Sprague- 
Dawley rats of 3 month old (Beijing Experimental Animal Center, 
Beijing, China) were euthanized by overdose of choral hydrate. 
Femurs and tibias were dissected and flushed with 30 ml 
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Figure 1. Schematic representation of the expression con- 
structs. Schematic representation of the regions of the expression 
plasmids encoding myc-tagged VP22, wild type Bcl-xL and fusion 
proteins VP22-EGFP, EGFP-VP22, VP22-hBcl-xl_ and hBd-xL-VP22. All 
expressions were driven by CMV promoter. 
doi:10.1 371/journal.pone.01 00840.g001 
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Figure 2. The expression of VP22 in COS-1 cells. COS-1 cells were 
transfected with 0.5 ug pEGFP-NI as mock or pVP22-myc and 
immunostained with anti-myc antibody 48 h after transfection. The 
anti-myc antibody showed no cross-reaction with mock transfected 
cells (A-C).The myc-tagged VP22 could be expressed in COS-1 cells (D- 
F). An intercellular transportation of VP22 protein could be inferred 
from the specific VP22 protein intercellular distribution: higher 
cytoplasmic expression in the center cells (arrows) and lower nucleic 
expression in the surrounding cells (arrow heads) (E). Scale bar 
represents 20 u.m. 

doi:1 0.1 371 /journal.pone.01 00840.g002 

phosphate buffered saline (PBS) containing 100 U/ml heparin 
using a 21 -gauge needle. The isolate was centrifuged at 200 xg for 
5 minutes, washed and resuspended into 10 ml Low-glucose 
Dulbecco's modified Eagle's medium (DMEM-LG; Gibco, Grand 
Isle, NY, USA) containing 20% fetal bovine serum (Gibco, 
Mulgrave, Victoria, Australia), 2 mM L-glutamine, 100 U/ml 
penicillin and 100 |J.g/ml streptomycin. The Cells were plated into 
100 mm plastic culture dishes (Beckton Dickinson, San Jose, CA, 
USA) and incubated at 37°C in 5% C02 and 95% humidity for 
72 hours without checking and then the cultures were washed 
twice consecutively with PBS and cultured in complete medium. 
The medium was changed three times per week and the 
nonadherent hematopoietic cells were completely washed out 
after 4 changes of medium. At 80% confluence, cells were treated 
with 0.25% trypsin and passaged at a ratio of 1:3. The third 
passage (P3) of MSCs was used in the study. 

Flowcytometry 

Cells were rinsed twice with PBS, trypsinized and centrifugation 
at 200 xg for 5 min, and then resuspended in 500 (XL PBS. 
Approximately 5 X 10 5 cells per 100 |0.L were labeled with primary 
mouse antibodies against rat CD29, CD34, CD44, CD45 and 
CD90 at 4°C for 30 min and washed. The labeled cells were 
analyzed using a flow cytometer (Beckton Dickinson, San Jose, 
CA, USA). The antibodies used in this experiment were: CD29- 
FITC, CD34-FITC, CD44- FITC, CD45- FITC and CD90- 
FITC (Beckton Dickinson, San Jose, CA, USA). Mouse IgGl- 
FITC (Beckton Dickinson, San Jose, CA, USA) was used as an 
isotype control. 

Plasmids 

The artificially synthesized coding sequence of VP22 (Gene ID: 
2703417) (Takara Biotechnology, Dalian, Liaoning, China) was 
maintained in plasmid pBackZero-T (Takara Biotechnology, 
Dalian, Liaoning, China). To generate the eukaryotic expression 
plasmid pVP22-myc, the 902 bp PCR product of the VP22 coding 
sequence from plasmid pBackZero-T was flanked with a Hindlll 
and a EcoRI restriction site at the 5' and 3' end respectively and 
was inserted in frame into the //mdlll/iicoRI cut plasmid 



pcDNA3.1//ff)'c-His B (Invitrogen, Carlsbad, CA, USA) under 
the control of the human cytomegalovirus (CMV) promoter, a 
Kozak consensus translation initiation site was added immediately 
before the start codon of VP22 coding sequence to further increase 
the translation efficiency in eukaryotic cells. For the expressions of 
fusion protein VP22-EGFP and EGFP-VP22, plasmids pVP22- 
EGFP and pEGFP-VP22 were constructed by subcloning the 
Bglll/BamHl flanked fragment of the VP22 coding sequence in 
frame into the equivalendy digested plasmids pEGFP-NI and 
pEGFP-Cl (Clontech, Heidelberg, Germany), both plasmids 
contain a red-shifted variant of wild-type GFP (EGFPj and a 
Kozak consensus site, an additional Kozak site was added before 
the start codon of VP22 coding sequence as mentioned above. To 
generate plasmid phBcl-xL, the cDNA of hBcl-xL was subcloned in 
frame into plasmid pcDNA3.1/myc-His B (Invitrogen, Carlsbad, 
CA, USA). To produce the fusion protein of VP22-hBcl-xL, 
plasmid pVP22-hBcl-xL was generated by subcloning the EcoRJ 
flanked PCR product of hBcl-xL cDNA into the equivalently cut 
plasmid pVP22-myc in frame. To generate the fusion protein of 
hBcl-xL-VP22, plasmid phBcl-xL-VP22 was constructed by 
subcloning the Hindlll flanked PCR product of hBcl-xL cDNA 
into the equivalently cut plasmid pVP22-myc in frame. 

Transfection 

Cells were seeded at 5xl0 4 cells/well into 24-well plates 24 
hours before transfection. The transfection was performed using 
the lipid-based transfection reagent POLOdeliverer 3000 (R&S, 
Shanghai, China) and the transfection conditions were optimized 
according to the manufacture's protocol. In brief, for each well, 
0.5 Ug of plasmid DNA and 1 pJ of POLOdeliverer 3000 were 
diluted separately in 25 (0.1 Opti-MEMI Reduced Serum Medium 
(Invitrogen, Carlsbad, CA, USA) without serum. The dilutions 
were combined and incubated for 20 minutes, then added into 
each well containing 0.5 ml culture medium without antibiotics. 
Eight hours after transfection, medium was changed. To transfect 
cells in 6-well plate, the amounts of cells, plasmid DNA, 
transfection reagent and medium were scaled up in proportion 
to the relative surface area. 

Co-culturing and Immunofluorescence Assay 

COS-1 cells were transfected with pVP22-myc, pVP22-EGFP, 
pEGFP-VP22, pVP22-hBcl-xL and phBcl-xL-VP22 separately. 
Twenty-four hours after transfection, COS-1 cells were trypsin- 
ized, counted and resuspended with HeLa cells or MSCs in ratio 
of 1 :20. The mixed cells were seeded on cover slips and cultured 
for 24 hours. Cells were rinsed with PBS and fixed in 4% 
Paraformaldehyde for 15 minutes, then washed 2 times in PBS 
and treated in 0.5% TritonX-100 for 8 minutes for membrane 
permeabilization. The permeablized cells were blocked with 4% 
BSA in PBST for 1 hour at room temperature and incubated with 
the first antibody at 4°C overnight, then washed and incubated 
with the second antibody for 1 hour at room temperature. The 
stained cells were rinsed 5 times with PBS and mounted with 
ProLong Gold antifade reagent with DAPI (Invitrogen, Carlsbad, 
CA, USA). 

To make a better distinction between COS-1 cells and MSCs, 
the transfected COS-1 cells were also co-cultured with labeled 
MSCs. For MSCs labeling, when the cells reached 50% 
confluence, 5-bromo-2-deoxyuridine (BrdU) (Sigma, Saint Louis, 
MO, USA) was added into the culture medium at a final 
concentration of 40 |jM and cultured at 37°C overnight. The 
BrdU labeled MSCs were washed in PBS for 3 times and co- 
cultured with the transfected COS-1 cells as mentioned above. 
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Figure 3. The surface marker expression of rat bone marrow MSCs. The expressions of selected surface markers of P3 MSCs were analyzed 
by Flowcytometry. Mouse lgG1 was used as an isotype control (A); in bone marrow MSCs, CD29, CD44, and CD90 were highly expressed (B-D) while 
the markers for hematopoietic stem cells, CD34 and CD45, were not expressed (E and F). 
doi:1 0.1 371 /journal.pone.01 00840.g003 



After staining, the cells were mounted with ProLong Gold antifade 
reagent (Invitrogen, Carlsbad, CA, USA). 

The first antibodies used were: mouse monoclonal anti-myc 
antibody (Invitrogen, Carlsbad, CA, USA), rabbit polyclonal anti- 
SV40 T Ag antibody (Santa Cruz, Dallas, TX, USA), rabbit 
polyclonal anti-Bcl-xL antibody (Cell signaling Tech, Boston, MA, 
USA) and rat monoclonal anti-BrdU antibody (Abeam, Cam- 
bridge, Cambs, UK); the second antibodies used were: cy3 
conjugated goat-anti-mouse lgG (Proteintech, Chicago, IL, USA), 
FITC conjugated goat-anti-rabbit IgG (Proteintech, Chicago, IL, 
USA) and DyLight 405 conjugated goat-anti-rat IgG (Abbkine, 
Redlands, CA, USA). 

Imaging 

Microscopic pictures were captured under a Zeiss LSM 710 
inverted confocal microscope (Zeiss, Oberkochen German). 

Western Blot Analysis 

Cos-1 cells were harvested 48 h after transfection and lysed 
either in RIPA lysis buffer [50 mM Tris-HCl (pH 7.4), 150 mil 
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium 
dodecyl sulfate, 2 mM sodium pyrophosphate, 25 mM fi-glycero- 
phosphate, 1 mM EDTA, 1 mM Na3V04, 0.5 ug/ml leupeptin] 



or in NP40 lysis buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% 
NP-40, 1 mM henylmethylsulfonyl fluoride, 2 mM sodium pyro- 
phosphate, 25 mM fS-glycerophosphate, 1 mM EDTA, 1 mM 
Na3V04, 0.5 ug/ml leupeptin]. The cell lysates in NP-40 lysis 
buffer were further sonicated and centrifuged to obtain fractions 
containing soluble supernatants and insoluble pellets. The protein 
concentration of the samples was determined using Pierce BCA 
Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). 
Proteins were resolved by 10% sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis (SDS-PAGE) and transferred to 0.22 |im 
PVDF membrane (EMD Millipore, Billerica, MA, USA) and 
probed with the first antibodies at 4°C overnight, then washed and 
incubated with horseradish peroxidase conjugated secondary 
antibodies for 1 hour at room temperature. Reactive bands were 
developed and enhanced by SuperSignal West Pico chemilumi- 
nescent detection reagents according to the instructions of the 
manufacturer (Thermo Scientific, Rockford, IL, USA). The first 
antibodies used were: mouse monoclonal anti-myc antibody 
(Invitrogen, Carlsbad, CA, USA), rabbit polyclonal anti-Bcl-xL 
antibody (Cell signaling Tech, Boston, MA, USA), mouse 
monoclonal anti-fi-Tubulin antibody (Sungene Biotechnology, 
Tianjin, China) (loading control). 
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Figure 4. Intercellular trafficking of VP22-myc between COS-1 cells and MSCs. COS-1 cells transfected with 0.5 ug pVP22-myc DNA were 
trypsinized 24 hours after transfection and were co-plated with untransfected HeLa cells (A-D), MSCs (E-H) or BrdU labeled MSCs (l-L) at a ratio of 
1 :20 respectively. The co-cultured cell populations were incubated for another 24 hours and were stained with anti-myc (B, F and J), anti-T-antigen (C, 
G and K) and anti-BrdU (I) antibodies. VP22-myc was detected not only in T-antigen positive COS-1 cells but also in the T-antigen negative HeLa cells 
(arrows in D) and in the T-antigen negative and/or BrdU positive MSCs (arrows in H and L), demonstrating the spread of VP22 protein. Scale bar 
represents 20 urn 

doi:1 0.1 371 /journal.pone.01 00840.g004 



Results and Discussion 

The Expression of VP22 in COS-1 Cells 

To determine a more efficient way to genetically modify MSC 
using plasmid vectors, we employed the intercellular trafficking 
capacity of the HSV-1 tegument protein VP22 to enhance the 
intercellular transportation of the modified gene products. Firstly, 
we constructed plasmid pVP22-myc for wild type VP22 expression 
driven by the CMV promoter region (Figure 1). In this plasmid, 
the C-terminal myc tag works for the detection of full length 
expression of VP22 protein. Since wild type VP22 have been 
reported to be successfully expressed and delivered between COS- 
1 cells [38,47], we first checked the validity of our VP22 expression 
construct on the expression of VP22 protein in COS-1 cells. COS- 
1 cells seeded on cover slips were transfected with 0.5 |Ug pEGFP- 
Nl as mock or with 0.5 |LLg pVP22-myc and the expression of 
VP22-myc was detected by immunofluorescent staining using anti- 
myc antibody 48 h after transfection. In control experiments the 
anti-myc antibody showed no cross reaction with mock transfected 
cells (Figure 2, A-C). The results showed that the myc-tagged 
VP22 could be expressed in COS-1 cells (Figure 2 D-F). And, an 
intercellular trafficking of the myc-tagged VP22 protein could also 
be inferred from the specific VP22 protein intercellular distribu- 
tion: higher cytoplasmic expression in the center cells (Figure 2 E, 
arrows) and lower nucleic expression in the surrounding cells 
(Figure 2 E, arrow heads), which was concordant with the 
previously published data [38] . 

Isolation and Characterization of Rat Bone Marrow MSCs 

VP22 have been demonstrated to be able to travel between 
different cell lines, for example, between COS-1 cells and HeLa 



cells [38]. However, it is not known whether VP22 could traffic 
between COS-1 cells and MSCs. So we checked the ability of our 
expressed VP22-myc protein to traffic between COS-1 cells and 
MSCs. Firstiy, we isolated MSCs from rat bone marrow according 
to the previously reported method [48]. Briefly, whole bone 
marrow was flushed off the long bones and directly plated on 
culture dishes. Since the dish adhering manner of MSCs was 
different from those of other bone marrow cell lines (hematopoietic 
stem cells, for example), MSC population could be purified simply 
by repeated medium changing when the other cell species be 
washed away. Monolayer rat bone marrow MSCs displayed a 
homogenous spindle-shaped morphology lining up in a vortex-like 
pattern and this morphology was maintained during the subse- 
quent passages. The surface marker expressions of the P3 bone 
marrow MSCs were identified by FCM analysis. It was shown that 
CD29, CD44, and CD90 were highly expressed in MSCs 
(Figure 3, B— D) while the markers for hematopoietic stem cells, 
CD34 (Figure 3, E) and CD45 (Figure 3, F), were not expressed. 
The results from FCM analysis were confirmed by immunocyto- 
chemistry (data not shown). 

Intercellular Trafficking of VP22 between COS-1 Cells and 
MSCs 

COS-1 cells transfected with pVP22-myc expression plasmid 
were trypsinized 24 hours after transfection and were co-plated 
with the untransfected P3 rat bone marrow MSCs at a ratio of 
1:20 (Figure 4 E-H). The transfected COS-1 /HeLa ceU co- 
culturing (Figure 4 A-D) served as a positive control. The co- 
cultured cell populations were incubated for another 24 hours and 
were double stained with anti-myc and anti-T-antigen antibodies. 
Since COS-1 cells express T-antigen uniformly, the VP22 primary 
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Figure 5. The surface marker expression of BrdU labeled bone marrow MSCs. The expressions of selected surface markers of BrdU labeled 
MSCs were analyzed by flowcytometry. Mouse IgGI was used as an isotype control (A); in bone marrow MSCs, CD29, CD44, and CD90 were highly 
expressed (B-D) while the markers for hematopoietic stem cells, CD34 and CD45, were not expressed (E and F). 
doi:1 0.1 371 /journal.pone.01 00840.g005 



expressing COS-1 cells would be labeled with both antibodies and 
be recognized easily, while the recipient MSCs would be marked 
with a single colored anti-myc signal. In agreement with previously 
reported data [38], VP22-myc was detected not only in T-antigen 
positive COS-1 cells but also in the T-antigen negative HeLa cells 
(Figure 4 D, arrows) and MSCs (Figure 4 H, arrows). 

In order to make a better distinction between the VP22 fusion 
protein producer cells and the recipient cells in the co-culture 
experiment, we labeled MSCs with 5-bromo-2-deoxyuridine 
(BrdU). And, immunophenotypic characterization of the BrdU 
labeled MSCs using flow cytometry analysis showed that the 
expression patterns of the surface markers were similar to those in 



the primary cultured MSCs (Figure 5). The labeled MSCs were 
co-plated with the transfected COS-1 cells (Figure 4 I-L) as 
mentioned above and incubated for 24 hours. The co-cultured cell 
populations were triple stained with anti-myc, anti-T-antigen and 
anti-BrdU antibodies. Similarly, VP22-myc was detected not only 
in T-antigen positive COS-1 cells but also in the T-antigen 
negative/BrdU positive MSCs (Figure 4 L, arrows). 

So, the results demonstrated that the myc- tagged VP22 could 
travel between COS-1 cells and MSCs. 
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Figure 6. Intercellular trafficking of fusion proteins VP22-EGFP and EGFP-VP22 between COS-1 cells and MSCs. COS-1 cells transfected 
with 0.5 Lig pVP22-EGFP (A-D and l-L) and pEGFP-VP22 (E-H and M-P) DNA were trypsinized 24 hours after transfection and were co-plated with 
MSCs (A-H) or BrdU labeled MSCs (l-P) at a ratio of 1:20. The co-cultured cell population were incubated for another 24 hours and were stained with 
anti-T-antigen (C, G, K and 0) and anti-BrdU (I and M) antibodies. EGFP signals were detected not only in T-antigen positive COS-1 cells but also in the 
T-antigen negative and/or BrdU positive MSCs (arrows in D, H, L and P), demonstrating the spread of VP22-EGFP and EGFP-VP22 fusion proteins. Scale 
bar represents 20 urn. 
doi:1 0.1 371 /journal.pone.01 00840.g006 



Intercellular Trafficking of Fusion Proteins VP22-EGFP and 
EGFP-VP22 between COS-1 Cells and MSCs 

The spread of VP22 between COS-1 cells and MSCs indicates 
the possibility of using VP22 as a vehicle for the enhancement of 
the intercellular delivery of gene products for MSCs modification. 
To this vehicle, further investigations are necessary to confirm 
whether the intercellular trafficking capacity of VP22 between 
COS-1 cells and MSCs could be retained when it is fused with 
other genes. As we know, several VP22 fusion proteins, including 
VP22-EGFP and EGFP-VP22, have been successfully expressed 
and delivered between different cell lines [38]. Thus, we expressed 
fusion proteins VP22-EGFP (Figure 6 A-D) and EGFP-VP22 
(Fig. 6 E-H) in COS-1 cells by transfecting the cells with 0.5 (ig 
pVP22-EGFP or pEGFP-VP22 (Figure 1) respectively, then the 
transfected COS-1 cells were trypsinized 24 hours after transfec- 
tion and were co-plated with untransfected MSCs at a ratio of 
1:20. The co-cultured cell populations were incubated for another 
24 hours and were immunostained with anti-T-antigen antibody. 
The green colored signals of EGFP were detected not only in T- 



antigen positive COS-1 cells but also in the T-antigen negative 
MSCs (Figure 6 D and H, arrows). 

We further examined the intercellular transportations of VP22- 
EGFP and EGFP-VP22 using BrdU labeled MSCs (Figure 6 I-P). 
The results also showed that both VP22-EGFP and EGFP-VP22 
were detected not only in T-antigen positive COS-1 cells but also 
in the T-antigen negative/BrdU positive MSCs (Figure 6 L and P, 
arrows). 

These results demonstrated the intercellular transportations of 
both fusion proteins between COS-1 cells and MSCs. This 
suggested an intriguing usage of VP22 as a delivery vehicle for the 
intercellular transportation of MSC modification gene products so 
as to enhance the therapeutic efficacy of MSC transplantation 
after acute myocardial infarction. 

Fusion Proteins VP22-hBcl-xl and hBcl-xl-VP22 Failed to 
Traffic between COS-1 Cells and MSCs 

Bcl-xL belongs to the Bel- 2 protein family. It plays an important 
anti-apoptotic regulatory role in the cell apoptotic pathway. The 
adenoviral mediated expression of hBcl-xL in rat heart has been 
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Figure 7. Fusion proteins VP22-hBcl-xL and hBcl-xL-VP22 failed to traffic between COS-1 cells and MSCs. COS-1 cells transfected with 
0.5 ug phBcl-xL (A-D), pVP22-hBcl-xl_ (E-H) or phBcl-xL-VP22 (l-L) were trypsinized 24 hours after transfection and were co-plated with MSCs at a 
ratio of 1:20. The co-cultured cell population were incubated for another 24 hours and were double stained with anti-Bcl-xL (B, F and J) and anti-T- 
antigen (C, G and K) antibodies. Bcl-xL was detected only in T-antigen positive COS-1 cells precluding the intercellular spread of VP22-hBcl-xL and 
hBcl-xL-VP22. Scale bar represents 20 urn. 
doi:1 0.1 371 /journal.pone.01 00840.g007 



demonstrated to be able to inhibit the apoptosis of the ischemic 
cardiomyocytes after myocardial infarction, and the over expres- 
sion of hBcl-xL could also prolong the cold preservation time of 
the cardiac transplants during heart transplantation [45,46] . Thus, 
Bcl-xL is a good candidate for MSC anti-apoptotic modification to 
enhance the viability of transplanted MSCs in the deleterious 
ischemic microenvironment. And the fusion of VP22 to Bcl-xL 
might enhance the intercellular delivery of hBcl-xL in MSCs, thus 
enhance the efficacy of MSCs modification. 

In order to investigate this possibility, we constructed expression 
plasmids phBcl-xL, P VP22-hBcl-xL and phBcl-xL-VP22 for the 
expressions of the wild type hBcl-xL protein and the fusion 



proteins of VP22-hBcl-xL and hBcl-xL-VP22 (Figure 1). To 
determine whether VP22-hBcl-xL and hBcl-xL-VP22 could 
spread between COS-1 cells and MSCs, COS-1 cells were 
transfected with 0.5 |_Lg phBcl-xL (Figure 7 A-D) as a negative 
control or with 0.5 u,g pVP22-hBcl-xL (Figure 7 E-H) and phBcl- 
xL-VP22 (Figure 7 I— L). The transfected cells were trypsinized 24 
hours later and were co-plated with untransfected MSCs at a ratio 
of 1:20. The co-cultured cell populations were incubated for 
another 24 hours and were double stained with anti-Bcl-xL 
(Figure 7 B, F and J) and anti-T-antigen (Figure 7 C, G and K) 
antibodies. However, as in the control cells (Figure 7 D), VP22- 
hBcl-xL and hBcl-xL-VP22 were detected only in T-antigen 



Whole Sup Pellet 




48kDa(VP22-hBcl-xL) 
26kDa(hBcl-xL) 



Figure 8. Fusion proteins VP22-hBcl-xL and hBcl-xL-VP22 are present in the insoluble fractions of the cell lysates. Cos-1 cells were 
harvested 48 h after transfection and lysed either in RIPA lysis buffer or in NP40 lysis buffer. The cell lysates in NP-40 lysis buffer were further 
sonicated and centrifuged to obtain fractions containing soluble supernatants (Sup) and insoluble pellets (Pellet). Proteins were resolved by 10% SDS- 
PAGE and transferred to PVDF membranes, then probed with mouse anti-myc antibody (A), rabbit anti-Bcl-xL antibody (B) and mouse anti-)3-Tubulin 
antibody (loading control). It was shown that at least one half of the total hBcl-xL protein was present in the soluble supernatants while VP22-hBcl-xL 
and hBcl-xL-VP22 were absent, indicating the solubility of Bcl-xL in the absence of VP22. And, instead, VP22-hBcl-xL and hBcl-xL-VP22 were detected 
in the insoluble pellets of the cell lysates, indicating the interactions of the fusion proteins with other cellular components which could preclude the 
intercellular trafficking of the fusion proteins. 
doi:1 0.1 371 /journal.pone.01 00840.g008 
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positive COS-1 cells which precludes the intercellular spread of 
VP22-hBcl-xL and hBcl-xL-VP22 (Figure 7 H and L). 

Thus, our results suggested that fusion proteins VP22-Bcl-xL 
and hBcl-xL-VP22 could not travel between COS-1 cells and 
MSCs. 

Fusion Proteins VP22-hBcl-xl and hBcl-xl-VP22 were 
Present in the Insoluble Fractions of the Cell Lysates 

One reason of the failure of VP22-hBcl-xL and hBcl-xL-VP22 
to spread between cells could be the absence of solubility of the 
fusion proteins resulting from the possible interactions of the fusion 
proteins with other cellular components, which could trap the 
fusion proteins inside the protein complexes and preclude their 
intercellular trafficking. Therefore, we transfected COS-1 cells 
with pVP22-hBcl-xL, phBcl-xL-VP22 or phBcl-xL expression 
plasmids. Forty eight hours later, we checked the expressions and 
distributions of VP22-hBcl-xL, hBcl-xL-VP22 and hBcl-xL in the 
soluble (the supernatant) and the insoluble (the pellet) fractions of 
the whole producer cell lysates by western blot. It was shown that, 
all the three target proteins were expressed and were of the 
expected size in producer cells. As we expected, the analysis of the 
supernatants revealed that at least one half of the total hBcl-xL 
protein was present in the soluble fraction of the cell lysate 
(Figure 8, Sup) indicating the solubility of Bcl-xL in the absence of 
VP22. And in agreement with our speculation, the fusion proteins 
VP22-hBcl-xL and hBcl-xL-VP22 were not detected in the 
supernatant fraction (Figure 8, Sup); instead, they were detected 
in the insoluble fraction of the cell lysates (Figure 8 Pellet). 
Therefore, it is highly probable that the failure of VP22-hBcl-xL 
and hBcl-xL-VP22 to spread between cells is due to the 
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hBcl-xL-VP22 failed to spread between cells, the observed 
intercellular transportations of fusion proteins VP22-EGFP and 
EGFP-VP22 still indicate the intriguing usage of VP22 as a 
delivery vehicle for the intercellular transportation of MSC 
modification gene products so as to enhance the therapeutic 
efficacy of MSC transplantation after acute myocardial infarction. 

Author Contributions 

Conceived and designed the experiments: JHH HSW. Performed the 
experiments: XDX JHH. Analyzed the data: XDX HSW. Wrote the 
paper: XDX. 



15. Makino S, Fukuda K, Miyoshi S, Konishi F, Kodama H, et al (1999) 
Cardiomyocytes can be generated from marrow stromal cells in vitro. J Clin 
Invest 103: p. 697-705. 

16. Toma C, Pittenger MF, Cahill KS, Byrne BJ, Kcsslcr PD (2002) Human 
mesenchymal stem cells differentiate to a cardiomyocytc phenotype in the adult 
murine heart. Circulation 105: p. 93-98. 

17. Chen J, Li Y, Wang L, Lu M, Zhang X, ct al (2001) Therapeutic benefit of 
intracerebral transplantation of bone marrow stromal cells after cerebral 
ischemia in rats. J Neurol Sci 189: p. 49—57. 

18. Pontikoglou C, Dcschaseaux F, Sensebe L, Papadaki HA (201 1) Bone marrow 
mesenchymal stem cells: biological properties and their role in hematopoicsis 
and hematopoietic stem cell transplantation. Stem Cell Rev 7: p. 569—589. 

1 9. Sorrell JM, Babcr MA, Caplan Al (2009) Influence of adult mesenchymal stem 
cells on in vitro vascular formation. Tissue Eng Part A 15: p. 1751—1761. 

20. Lc Blanc K, Tammik C, Roscndahl K, Zetterberg E, Ringden O (2003) HLA 
expression and immunologic properties of differentiated and undifferentiated 
mesenchymal stem cells. Exp Hematol 31: p. 890-896. 

21. Djouad F, Plcncc P, Bony C, Tropel P, Apparailly F, et al (2003) 
Immunosuppressive effect of mesenchymal stem cells favors tumor growth in 
allogeneic animals. Blood 102: p. 3837-3844. 

22. Stamm C, Wcstphal B, Klcinc HD, Pctzsch M, Kittncr C, ct al (2003) 
Autologous bonc-marrow stem-cell transplantation for myocardial regeneration. 
Lancet 361: p. 45-46. 

2.3. Wollert KC, Meyer GP, Lotz J, Ringes-Lichtenberg S, Lippolt P, et al (2004) 
Intracoronary autologous bone-marrow cell transfer after myocardial infarction: 
the BOOST randomised controlled clinical trial. Lancet 364: p. 141-148. 

24. Zhang M, Methot D, Poppa V, Fujio Y, Walsh K, et al (2001) Cardiomyocyte 
grafting for cardiac repair: graft cell death and anti-death strategics. J Mol Cell 
Cardiol 3.3: p. 907-921. 

25. Fan L, Lin C, Zhuo S, Chen L, Liu N, ct al (2009) Transplantation with 
survivin-enginecred mesenchymal stem cells results in better prognosis in a rat 
model of myocardial infarction. EurJ Heart Fail 11: p. 1023—1030. 

26. Tang YL, Tang Y, Zhang YC, Qian K, Shcn L, ct al (2005) Improved graft 
mesenchymal stem cell survival in ischemic heart with a hypoxia-rcgulatcd heme 
oxygenase-1 vector. J Am Coll Cardiol 46: p. 1.339-1.350. 

27. Piao W, Wang H, Inouc M, Hasegawa M, Hamada H, ct al (2010) 
Transplantation of Sendai viral angiopoietin- 1 -modified mesenchymal stem 
cells for ischemic limb disease. Angiogcnesis 13: p. 20.3-210. 

28. Li W, Ma N, Ong LL, Nessclmann C, Klopsch C, ct al (2007) Bcl-2 engineered 
MSCs inhibited apoptosis and improved heart function. Stem Cells 25: p. 21 18- 
2127. 



PLOS ONE | www.plosone.org 



9 



June 2014 | Volume 9 | Issue 6 | e100840 



Intercellular Trafficking of Herpes Simplex Virus Protein VP22 



29. Nienhuis AW, Dunbar GE, Sorrcntino BP (2006) Gcnotoxicity of retroviral 
integration in hematopoietic cells. Mol Thcr 13(6): p. 1031—49. 

30. McMahon JM, Gonroy S, Lyons M, Grciser U, O'shca C, et al (2006) Gene 
transfer into rat mesenchymal stem cells: a comparative study of viral and 
nonviral vectors. Stem Cells Dev 15(1): p. 87-96. 

31. Edelstcin ML, Abedi MR, WixonJ (2007) Gene therapy clinical trials worldwide 
to 2007-an update. J Gene Med 9(10): p. 833-42. 

32. Kumar S, Chanda D, Ponnazhagan S (2008) Therapeutic potential of 
genetically modified mesenchymal stem cells. Gene Ther 15(10): p. 711—5. 

33. Griffin M, Grciser U, Barry F, O'Brien T, Ritter T (2010) Genetically modified 
mesenchymal stem cells and their clinical potential in acute cardiovascular 
disease. Discov Med 9(46): p. 219-23. 

34. Asian H, Zilberman Y, Arbeli V, Sheyn D, Matan Y, et al (2006) Nucleofection- 
based ex vivo nonviral gene delivery to human stem cells as a platform for tissue 
regeneration. Tissue Eng 12(4): p. 877-89. 

35. Jo J, Nagaya N, Miyahara Y, Kataoka M, Harada-Shiba M, et al (2007) 
Transplantation of genetically engineered mesenchymal stem cells improves 
cardiac function in rats with myocardial infarction: benefit of a novel nonviral 
vector, cationized dcxtran. Tissue Eng 13(2): p. 313-22. 

36. Hcllcdic T, Nurcombc V, Cool SM (2008) A simple and reliable electroporation 
method for human bone marrow mesenchymal stem cells. Stem Cells Dev 17(4): 
p. 837-48. 

37. BouraJS, Santos FD, GimbleJM, Cardoso CM, Madeira C, et al (2013) Direct 
head-to-head comparison of cationic liposome-mediated gene delivery to 
mesenchymal stem/ stromal cells of different human sources: a comprehensive 
study. Hum Gene Ther Methods 24(1): p. 38-48. 

38. Elliott G, O'Hare P (1997) Intercellular trafficking and protein delivery by a 
herpesvirus structural protein. Cell 88: p. 223-233. 



39. Phelan A, Elliott G, O'Hare P (1998) Intercellular delivery of functional p53 by 
the herpesvirus protein VP22. Nat Biotechnol 16: p. 440^143. 

40. Tang T, Hammond HK (2007) Cell-based GATA4 cardiac gene transfer using 
cell-penetrating peptide. Circ Res 100: p. 1540-1542. 

41. Lemken ML, Wolf C, Wybranietz WA, Schmidt U, Smirnow I, et al (2007) 
Evidence for intercellular trafficking of VP22 in living cells. Mol Ther 15: p. 
310-319. 

42. Nishikawa M, Otsuki T, Ota A, Guan X, Takemoto S, et al (2010) Induction of 
tumor-specihe immune response by gene transfer of Hsp 7 0-cell- penetrating 
peptide fusion protein to tumors in mice. Mol Ther 18: p. 421—428. 

43. Nishi K, Saigo K (2007) Cellular internalization of green fluorescent protein 
fused with herpes simplex virus protein VP22 via a lipid raft-mediated endocytic 
pathway independent of caveolae and Rho family GTPases but dependent on 
dynamin and Arf6. J Biol Chem 282: p. 27503-27517. 

44. Reed JC (1998) Bcl-2 family proteins. Oncogene 17: p. 3225-3236. 

45. Huang J, Ito Y, Morikawa M, Uchida H, Kobune M, et al (2003) Bcl-xL gene 
transfer protects the heart against ischemia/ reperfusion injury. Biochem Biophys 
Res Commun 311: p. 64-70. 

46. Huang J, Nakamura K, Ito Y, Uzuka T, Morikawa M, et al (2005) Bcl-xL gene 
transfer inhibits Bax translocation and prolongs cardiac cold preservation time in 
rats. Circulation 112: p. 76-83. 

47. Liang X, Chow B, Babiuk LA (1997) Study of immunogenicity and virulence of 
bovine herpesvirus 1 mutants deficient in the UL49 homolog, UL49.5 homolog 
and dUTPase genes in cattle. Vaccine 15(10): p. 1057-64. 

48. Lennon DP, Caplan Al (2006) Isolation of rat marrow-derived mesenchymal 
stem cells. Exp Hematol 34: p. 1606-1607. 

49. Rutjes SA, Bosma PJ, Rohn JL, Notcborn MH, WesselingJG (2003) Induction 
of insolubility by herpes simplex virus VP22 precludes intercellular trafficking of 
N-terminal Apoptin-VP22 fusion proteins. J Mol Med (Berl) 81: p. 558-565. 



PLOS ONE | www.plosone.org 



10 



June 2014 | Volume 9 | Issue 6 | e100840 



